ABSTRACT
INTRODUCTION
Whilst some cases of intrapartum fetal hypoxia at term arise because of acute catastrophic events, such as cord prolapse, placental abruption or uterine rupture, in the majority of cases, hypoxia develops gradually due to the inability of the fetus to tolerate the stress of parturition, i.e. the reduced fetoplacental reserve before commencement of labor. It is not entirely clear why some term babies are more prone to intrapartum compromise, although growth restriction is implicated in many cases. If not delivered promptly enough, these babies are at risk of hypoxic brain injury and subsequent disability, with hypoxic ischemic encephalopathy being the strongest and most consistent risk factor for cerebral palsy in term infants 1 . Worldwide, birth asphyxia and trauma cause higher rates of disability-adjusted life years than do congenital anomalies and HIV/AIDS 2 . Our group and others have shown that the fetal cerebroplacental ratio (CPR) is an independent predictor of intrapartum fetal compromise (IFC) [3] [4] [5] , poor acid-base status at birth and neonatal unit admission at term [6] [7] [8] . In addition, a low CPR may also reflect failure of a fetus to reach its genetic growth potential at term despite having a normal birth weight 9, 10 .
We have shown previously that the CPR 10 th centile threshold measured within 72 h before birth has 32.5% sensitivity, 93.2% specificity and 36.4% positive predictive value 3 for predicting Cesarean section delivery for IFC; however, the resources and logistics required to perform an ultrasound scan within this narrow window make this largely impractical. Conversely, incorporating an early-term ultrasound scan into clinical care may be much more achievable, particularly when aligned with a routine antenatal appointment.
Screening tests differ from diagnostic tests in that they are aimed at identifying pregnancies that may be at higher risk of a given condition. Positive screening test results are typically followed by a high-specificity diagnostic test, according to the classic serial-testing protocol. Screening tests are characterized by high sensitivity in order to identify all cases at higher risk of a certain condition, albeit with a high false-positive rate.
The primary aim of this study was to evaluate prospectively the performance of the CPR 10 th centile threshold after 36 weeks' gestation, measured prior to labor and within 2 weeks before birth, as a screening test for prediction of need for Cesarean section for IFC and of composite adverse neonatal outcome (ANO), in a cohort of women with normally grown fetuses and otherwise uncomplicated pregnancy. A secondary aim was to investigate the performance of CPR ≤ 1 and < 5 th centile thresholds, used by other investigators 11 , against that of CPR 10 th centile for the prediction of Cesarean section for IFC and composite ANO.
METHODS
This was a blinded, prospective, observational, cohort study conducted at the Mater Mothers' Hospital in Brisbane, Australia, between May 2014 and August 2016. Inclusion criteria were women with uncomplicated, non-anomalous singleton pregnancy and appropriately grown fetuses on clinical assessment. Exclusion criteria were previous Cesarean section or maternal age < 18 or > 50 years. Ethical and governance approvals were granted by the Mater Human Research Ethics Committee and Research Governance Office, respectively (ref. no.: HREC/13/MHS/173, 30 January 2014 and 5 May 2014, respectively). Eligible women attending the antenatal clinic at our institution were invited to participate in the study on a convenience basis by a member of the research team or their attending healthcare practitioner. All participants provided written informed consent at enrolment in the study.
Gestational age was calculated based on a first-trimester ultrasound scan. All women underwent ultrasound assessments fortnightly, from 36 ± 1 weeks until delivery. Measurements of fetal biometry and fetal Dopplers (umbilical artery (UA) and fetal middle cerebral artery (MCA) pulsatility index (PI)) were performed in triplicate during periods of fetal quiescence and averaged. All measurements were obtained prior to labor and within 2 weeks before birth; the last CPR measurement obtained before labor is reported. CPR was calculated at each attendance as previously described 3 and the 5  th and  10 th centiles were calculated from women in the study who had a non-instrumental vaginal delivery and did not experience IFC or composite ANO. Composite ANO was defined as acidosis (pH < 7.1 and/or lactate ≥ 6 mmol/L) at birth and/or 5-min Apgar score < 7 and/or neonatal intensive care unit (NICU) admission. Women and clinicians were blinded to the ultrasound results. The only exceptions for disclosing ultrasound findings were malpresentation, severe oligohydramnios (deepest pool < 1 cm) or absent or reversed flow in the umbilical artery, as these findings would influence immediate obstetric management. Labor and delivery were managed according to local protocols and guidelines.
Primary outcomes were Cesarean section for IFC and composite ANO. The diagnosis of suspicious or pathological intrapartum fetal heart rate (FHR) patterns was made by the treating obstetric team in the birth suite using criteria detailed in the Royal Australian and New Zealand College of Obstetricians and Gynaecologists FHR guidelines 12 . These classifications are very similar to those used by the National Institute of Health and Care Excellence in the UK 13 and the American College of Obstetricians and Gynecologists in the USA 14 .
Statistical analysis
Association between pairs of variables was assessed using scatterplots and pairwise correlations. Normally distributed data (maternal age and birth weight) are reported as mean with SD. Non-normally distributed data (body mass index (BMI), gestation at scan, gestation at delivery, labor duration, interval to birth, birth-weight centile and CPR) are reported as median (interquartile range (IQR) and < 10 th centile thresholds is also reported for the primary outcomes. Logistic regression analysis was used to generate receiver-operating characteristics (ROC) curves to determine the area under the curve (AUC) in order to assess global test performance. All tests were two-tailed and P < 0.05 was considered statistically significant. Sample size calculation indicated that 28 fetuses with CPR < 10 th centile and 174 fetuses with CPR ≥ 10 th centile (P 1 = 0.28, P 2 = 0.08, ratio 6:2, α = 0.05, power = 0.08) would be required to detect a difference between babies that required Cesarean section for IFC and those that did not. Statistical analysis was performed using Stata ® , Release 13, for Windows (StataCorp LP, College Station, TX, USA). This study was conducted in accordance with the STARD guidelines.
RESULTS
During the study period, 483 women were recruited to the study. After recruitment, 18 (3.7%) women were delivered by elective Cesarean section for various reasons and were excluded from final analysis. A further three (0.6%) women whose births were complicated by severe shoulder dystocia were also excluded from the analysis, as this study was designed to assess association of IFC with putative placental dysfunction rather than birth trauma. Similarly, one (0.2%) woman had severe intrapartum urosepsis that precipitated IFC and was therefore excluded. Additionally, CPR was unavailable in three (0.6%) participants, due to the MCA-PI being unobtainable. A further 4.6% (21/458) of women did not have continuous intrapartum FHR monitoring and were also excluded. Therefore, the final study cohort comprised 437 women (Figure 1 ). Fifty-five percent (239/437) of the final cohort had umbilical artery cord blood gases determined. Characteristics of the study population are presented in Table 1 .
At enrolment, all participants had UA-PI < 95% centile and nine (9/437, 2.1%) had an estimated fetal weight < 10 th centile. At birth, 31 (7.1%) infants were delivered with birth weight < 10 th centile and 19 (4.3%) with birth weight > 90 th centile for gestation. Of the scans, 92.7% (405/437) were performed >3 days from delivery. Data are reported as n (%), mean ± SD or median (interquartile range). BMI, body mass index; BW, birth weight; GA, gestational age.
Recruited to study (n = 483)
Elective CS (n = 18) Urosepsis (n = 1) Shoulder dystocia (n = 3)
CPR unavailable (n = Overall, the median final CPR value prior to delivery was 1.84 (IQR, 1.55-2.18) and the cut-offs for the 5 th and 10 th centiles were 1.26 and 1.42, respectively. Median gestational age at final sampling was 38.6 (IQR, 37.9-40.0) weeks. When CPR was assessed according to gestational age (36, 38 or 40 weeks), the CPR at 38 weeks' gestation was lower in fetuses that required emergency instrumental vaginal delivery for IFC compared with those delivered by Cesarean section without IFC (Table 2) . At 40 weeks, CPR was significantly lower amongst each mode-of-delivery group complicated by IFC compared with each group that was not complicated by IFC.
We found that CPR < 10 th centile threshold was associated with higher rates of composite ANO (Table 3) . CPR values <10 th centile were also associated with higher rates of suspicious/pathological FHR patterns, higher incidence of instrumental vaginal and Cesarean section delivery for IFC, shorter interval to birth, later gestation at birth, lower birth weight and birth-weight centiles, and higher incidence of abnormal umbilical cord gases at birth (Table 3) . Fetuses in the CPR ≥ 10 th centile group had a higher rate of Cesarean section for reasons other than IFC. These reasons included failure to progress, obstructed labor, high presenting fetal part and maternal anxiety, with failure to progress being the most common indication.
Comparison of the performance of CPR ≤ 1 and < 5 th and < 10 th centile cut-offs for the prediction of the primary outcomes is presented in Table 4 . The CPR < 10 th centile yielded the best performance for detection of Cesarean section for IFC or composite ANO, with 55.6% (95% CI, 32.6-76.5%) sensitivity, 87.9% (95% CI, 86.0-89.6%) specificity, 12.1% (95% CI, 7.8-16.4%) false-positive rate, 27.0% (95% CI, 15.8-37.2%) positive predictive value and 96.1% (95% CI, 94.1-97.9%) negative predictive value for prediction of Cesarean section for IFC.
On logistic regression analysis, CPR < 10 th centile and CPR < 5 th centile were associated significantly with Cesarean section for IFC and composite ANO (Table 5) . CPR ≤ 1 was not associated with either outcome. The CPR < 10 th centile threshold produced the highest odds ratio for Cesarean section for IFC, whereas the CPR < 10 th and CPR < 5 th centile thresholds produced similar odds ratio for composite ANO (Table 5 ). AUCs for Cesarean section for IFC ( Figure 2 ) and composite ANO were 0.72 (95% CI, 0.60-0.84) and 0.58 (95% CI, 0.53-0.63), respectively, using CPR < 10 th centile cut-off. AUCs for composite ANO for CPR ≤ 1 and CPR < 5 th centile were 0.50 (95% CI, 0.48-0.52) and 0.55 (95% CI, 0.51-0.60), respectively. The benefit of CPR over EFW centile alone for the prediction of Cesarean section for IFC and ANO was also assessed (Table S1 ).
DISCUSSION
The results of this prospective study demonstrate that a low CPR measured within 2 weeks before birth in clinically 'low-risk' women is associated with emergency Cesarean section for IFC and composite ANO. Our results show that CPR < 10 th centile has a sensitivity and specificity of 55.6% and 87.9%, respectively, for Cesarean section for IFC, outperforming other previously suggested CPR thresholds 11 . Additionally, the CPR < 10 th centile was associated with lower birth weight and lower birth-weight centiles. A range of CPR threshold values have been suggested previously by other investigators 10, 11, 15 . We chose to investigate the performance of three of the most widely reported thresholds, CPR ≤ 1, CPR < 5 th centile and CPR < 10 th centile, recognizing that the 0.6765 multiples of the median value equates to the 5 th centile 10 . Of the three CPR thresholds we investigated, CPR < 10 th centile was the only one to demonstrate an association with the specified outcomes. As a predictor, the CPR < 10 th centile threshold had an AUC for incidence of Cesarean section due to IFC of 0.72, which would be considered 'fair' according to conventional criteria 16 . However, CPR < 10 th centile failed as a diagnostic predictor of composite ANO (AUC of 0.58).
Low CPR values are known to be associated with fetal growth restriction, small-for-gestational-age fetuses, intrapartum fetal compromise, poor acid-base status of the neonate and neonatal unit admission 6, [17] [18] [19] [20] . However, the performance of different CPR thresholds and their predictive value for intrapartum and neonatal outcomes have not previously been investigated prospectively in 'low-risk' term fetuses within 2 weeks before delivery. Our findings are at variance with the results of a recent Delphi consensus that showed that the majority of experts surveyed felt that a cut-off of 5 th centile for the CPR was a more preferable definition for late-onset fetal growth restriction 21 . Unrecognized fetal growth restriction is a known risk factor for a number of adverse perinatal outcomes. Perhaps not surprisingly, a fetus that is thought to be of appropriate size for gestation but is in fact growth restricted has more than an eight-fold increased risk of stillbirth compared with appropriately grown fetuses 22 . Indeed, there is a growing body of evidence that suggests that a low CPR at term may be superior to estimated fetal weight for the prediction of neonatal acid-base status 20 as well as reflective of suboptimal fetal growth and increased risk for intrapartum fetal compromise 9 . This finding is particularly relevant as the fetuses in our study cohort would not be considered growth restricted using current conventional criteria (umbilical artery PI > 95 th centile and estimated fetal weight < 10 th centile for gestation). Whilst the sensitivity and predictive value of the CPR for adverse intrapartum and neonatal outcomes are obviously greater in small-for-gestational-age fetuses (sensitivity 80-85%, specificity 41-60%) 15 , they are still reflective of an increased risk of adverse outcome in babies
>10
th centile for birth weight 3 . Other investigators have suggested that morphometric and circulatory evaluation of fetal wellbeing in the third trimester may be of benefit in identifying at-risk fetuses 23 , and our results support this suggestion. Knowledge and appreciation of this risk arguably could influence clinical management.
Previous studies on CPR have provided conflicting reports on its test performance. For instance, at term, a low CPR measured prospectively in appropriately grown fetuses within 3 days of birth has been shown to be associated with increased risk of emergency operative delivery for IFC (sensitivity 32.5%, specificity 93.2%, positive predictive value 36.4%) 3 and, conversely, a high CPR has been associated with decreased risk of NICU admission (OR, 0.55; 95% CI, 0.33-0.92; P = 0.02) 6 . In contrast, using retrospective data in an unselected population, CPR measured at 30-34 weeks' gestation was shown to be a weak predictor of perinatal complications, with detection rates of 5-11% (5% false-positive rate) and 20-50% (10-23% false-positive rate) when measured > 2 weeks and < 2 weeks from delivery, respectively 24 . The current study achieved better screening performance than these studies in which the CPR was measured earlier in pregnancy. A further strength of our study is its prospective nature and the assessment of a low-risk cohort of women rather than women at high risk of suboptimal fetal growth.
In contrast to diagnostic tests, screening tests are aimed at identifying patients that may be at higher risk of a given condition. Positive screening test results are typically followed by a high-specificity diagnostic test, according to the classic serial-testing protocol. Screening tests are characterized by high sensitivity in order to identify all those at higher risk, albeit with a high false-positive rate. We acknowledge that a sensitivity of 55% is perhaps not optimal for a screening test, but nevertheless, this test represents an advance on current practice, in which up to 63% of births complicated by intrapartum compromise occur in pregnancies with no apparent antenatal risk factors 25 . The ability to stratify women according to risk for IFC in a timely manner prior to labor allows decisions to be made regarding timing and mode of delivery in a non-emergency situation and is likely to result in improved maternal satisfaction with their birth experience. Secondary benefits of a late-pregnancy scan include detection of malpresentation, late-evolving fetal abnormalities, late-onset growth restriction and small-for-gestational-age babies. These are all important findings that would have a positive impact on perinatal outcomes.
Women at significant risk of IFC and/or adverse neonatal outcome could be offered elective birth when staff levels and availability of operative procedures are optimal. This could potentially reduce the number of emergency Cesarean section procedures performed, thus improving maternal and neonatal outcomes. Emergency procedures often carry higher risk of complications, parental anxiety and costs, and often occur out-of-hours when staffing is less than optimal. The assignment of women to a 'low-risk' category would also allow maternity care to be individualized. The majority of women who are deemed to be at low risk for fetal compromise could be given the option of birth without continuous electronic fetal monitoring. Conversely, continuous electronic fetal heart rate monitoring could be reserved only for women at increased risk of this complication.
Given our findings and those of other investigators regarding the predictive value of CPR for IFC and ANO, it may be reasonable to evaluate in a randomized controlled trial the incorporation of the CPR into a broader risk stratification tool for 'low-risk' pregnancy management at term. To our knowledge, there are no randomized controlled trials providing strong evidence to support the incorporation of the CPR into routine clinical care in the context of uncomplicated pregnancies with apparently normally grown fetuses. Such studies are clearly needed to investigate the potential benefit/harm of obstetric intervention triggered by a low CPR. It is our view that this needs to be addressed urgently as the CPR is already being used in clinical decision-making in late pregnancy.
